The reactivity of laser-excited Ca + * ions in 3 2 D J (J = 3/2, 5/2) states with neutral H 2 O molecules was experimentally investigated. The reaction-product ions were sympathetically cooled by laser-cooled 40 Ca + ions and detected by laser-induced fluorescence mass spectroscopy. The reaction rate coefficient of Ca + * (D J ) + H 2 O → products was found to be 1.8(1) × 10 3 s −1 Pa −1 at an ion temperature of T = 3.1(1) × 10 3 K. The ion temperature dependence of the reaction rate coefficient was also measured for buffer-gas-cooled Ca + ions.
Introduction
Over the last decade, laser cooling of trapped atomic ions has been applied to various fields of research, such as optical frequency standards based on high-resolution spectroscopy, quantum computations by manipulation of atomic coherent states and dynamics of nonneutral plasma [1] [2] [3] [4] [5] [6] . In addition to these applications, sympathetic cooling is also a notable application of laser cooling. For example, it provides new ways to study ion-molecule reactions at very low energy [7] [8] [9] [10] and precision spectroscopy of cold atomic and molecular ions [11] [12] [13] [14] . Since ion-molecule reactions in the very low energy range play an important role in the chemical processes of interstellar space and planetary atmospheres, an investigation of the sympathetic cooling technique will also be useful for studies in the fields of astrophysics as well as chemical physics [15] [16] [17] [18] .
In frequency standard applications, however, a chemical reaction with a residual gas is a nuisance. It was found that laser-excited Yb + * in the metastable states reacts with residual H 2 molecules and forms YbH + [19] . This is a very serious problem for a frequency standard using buffer-gas-cooled Yb + , since it is difficult to remove residual H 2 gas completely from vacuum systems. In the case of Ca + , the reaction of Ca + + H 2 → CaH + + H possibly occurs through the 4 2 P J states. Ca + ions in the metastable states, however, hardly react with H 2 , since the reaction is an endothermic one of about 2 eV (see figure 2) [20] . In addition to the hydrogenation reaction, the chemical reaction with H 2 O molecules is another problem for frequency standards. Since a laser-excited ion has a relatively high internal energy and an H 2 O molecule has a large permanent electric dipole moment, the chemical reaction with the H 2 O molecule may even be accelerated. Even when the partial pressure of H 2 O is very low, the loss of trapped ions caused by this reaction is not negligible. Especially for buffer-gas-cooled ions with metastable states, the ion loss produced by this reaction may affect the lifetime and the quenching rate measurements of the metastable states. In order to determine whether the chemical reaction with H 2 O has an effect on such measurements, detailed information on the process is required.
On the other hand, the hydration reaction is closely related to experiments that use a radioactive beam. We have been working on a project to study the hyperfine anomaly of unstable Be + and Ca + ions as a possible application of short-lived ions produced at a radioactive beam facility [21] [22] [23] . Generally, the unstable isotope ions are provided as energetic ion beams from an accelerator facility. Those ions, therefore, must be cooled down to thermal energy and be trapped in an ion trap in order to perform precise hyperfine spectroscopy. For this purpose, an ion guide system consisting of a helium-gas chamber is used [24, 25] . In this gas chamber, the unstable ions can collide with residual H 2 O molecules that are usually present in helium gas, and form hydrated ions during cooling [26] . Thus, the hydration reaction and the dissociation of Ca + (H 2 O) n and CaOH + (H 2 O) n are important subjects for our experimental project. In this paper, we present experimental evidence of the acceleration of the chemical reaction of trapped 40 Ca + ions with H 2 O molecules by laser excitation. The reaction-product ions were sympathetically cooled by laser-cooled 40 Ca + ions and were sensitively detected by laserinduced fluorescence mass spectroscopy. This method allows the observation of the signal of the products even in ultrahigh vacuum. The reaction rate coefficient and its temperature dependence were also measured for buffer-gas-cooled 40 Ca + ions.
Apparatus
A schematic diagram of the experimental set-up is shown in figure 1 [27] . The linear trap consists of three sections each made from four separate rods with a diameter of 8 mm. The closest diagonal distance 2r 0 between the electrodes of the linear trap is 7.0 mm. The driving rf and the applied amplitude are typically 3.3 MHz and 250 V, respectively. The corresponding radial pseudopotential well is approximately 7 eV. Correction dc voltages were applied to the centre electrodes in order to optimize the ion cloud position that is sometimes displaced by patch potentials. The vacuum chamber was evacuated by a turbomolecular pump (300 l s −1 ) backed up by a rotary pump. The residual pressure was around 1 × 10 −7 Pa at room temperature. For buffer-gas cooling of trapped ions, we loaded helium gas from the fore vacuum side of the turbomolecular pump. A reservoir containing pure water was connected to a variable leak valve directly attached to the port of the trap chamber, which is about 30 cm away from the ion trap. To remove impurities in the water (mainly N 2 ), we repeated standard purification many times (freezing by liquid nitrogen, evacuating and melting). A partial pressure gauge (Anelva M-066QG), as well as a nude ionization gauge, was attached to the central port of the main chamber in order to check the H 2 O pressure and the presence of other residual gases when introducing He and H 2 O. The partial pressure gauge was calibrated to an accuracy of ±10% by the manufacturer, and it was placed about 15 cm away from the ion trap. In order to realize static pressure regime after changing H 2 O pressure, we waited for at least 5 min before starting measurements. The laser-ablation method was used for producing and trapping the Ca + ions. A Nd:YAG pulsed laser light (NewWave Research ACL-1) was focused onto a metallic calcium sample mounted on the side of the ion trap, and the laser-ablated Ca + ions were directly trapped. The storage time of the trapped Ca + ions extended over several hours under room-temperature conditions. The low-lying energy level diagram of 40 Ca + is shown in figure 2 . The Ca + has metastable D states from which the excited P states can be accessed by the E1-allowed optical transitions. The lifetimes of the metastable D J ( J = 3/2, 5/2) states were measured to be about 1s [28] [29] [30] [31] [32] . Since the lifetime of the P 1/2 states is 7.098 (20) ns [33] and the branching ratio A(4 2 P-4 2 S 1/2 )/ J A(4 2 P-3 2 D J ) of the transition probabilities is 17.6 ± 2.0 [34] , the optical pumping into the D states is easily realized simply by laser excitation of the S-P transition. For laser cooling and detection of laser-induced fluorescence (LIF), we used commercial laser diodes with oscillation wavelengths of 397 and 866 nm. The violet laser excites the 4 2 S 1/2 -4 2 P 1/2 optical transition for laser cooling and the simultaneous detection of fluorescence photons. An IR laser was used to prevent optical pumping into the 3 2 D 3/2 state. Each laser diode was frequency stabilized to a temperature-controlled reference cavity. The two laser beams were merged by a dichroic mirror and directed into the ion trap through a view port window. The beam diameters at the trap centre were less than 1 mm. A mechanical shutter was inserted in the optical path of the IR laser beam for the measurement of the reaction rate. Fluorescent photons from the trapped Ca + ions were collected by lenses mounted near the centre of the ion trap, and focused onto a photomultiplier tube (Hamamatsu R464) by a lens placed outside the vacuum chamber. An interference filter with about 50% transmittance at 397 nm was inserted in the optical system in order to reduce stray light photons. The detection efficiency was estimated to be 1 × 10 −3 by a Monte Carlo simulation of the number of photons transmitted through the optical system. A typical fluorescence spectrum of the laser-cooled Ca + is shown in figure 3 . The half width at half maximum (HWHM) of the Gaussian part is obtained to be about 187 MHz by fitting the Voigt profile to part of the spectrum data. The corresponding ion temperature in the laser beam direction is about 19 K.
Method of observation
LIF mass spectroscopy for trapped ions was developed, i.e., a combination of the observation of LIF and secular motion excitation by a small perturbation rf voltage [10, 11, 35] . The secular motion frequency ( f s ) of a single ion is approximately given by [36] 
where the constants m and e are the mass and charge of the trapped ion, r 0 is the geometric parameter of the linear trap, /2π and V ac are the frequency and amplitude of the driving rf amplitude for the linear trap, and V dc is the dc voltage between adjacent trap electrodes. A small perturbation rf voltage V s sin ωt was applied to one of the trap electrodes for dipolar excitation of the secular motion. When the perturbation is in resonance with the frequency of equation (1), it selectively excites ions with a particular m/e, thus heating these ions. The ions, in turn, modify the intensity of the observed LIF from the laser-cooled Ca + ions through Coulomb interaction. If we scan the frequency of the perturbation, a mass spectrum can be obtained in the form of intensity changes in the fluorescence. In this experiment, the 397 nm laser frequency was detuned by a few hundred MHz on the lower side of the resonance in the S 1/2 -P 1/2 transition in order to laser cool the 40 Ca + ions, and thereafter the frequency of the perturbation rf voltage was scanned. The measurement sequence is shown in figure 4 . We pulsed the perturbation rf voltage to avoid excess heating of the trapped ions and to obtain a symmetric spectrum. This method was used for the detection and mass analysis of ions produced by the chemical reaction with H 2 O. For calibration of the mass spectrum, we measured the mass spectrum of 40 Ca + ions after every run of the measurements.
Results

Elimination of impurity ions
We obtained a mass spectrum right after the Ca + ions were loaded into the trap (see figure 5(a) ). In this measurement, we intentionally introduced H 2 O gas at a partial pressure of 1.1 × 10 −6 Pa. There were three dips in the spectrum around M = 58, 44 and 40. In order to avoid excess heating, the perturbation amplitude was decreased when the 40 Ca + spectrum was measured. The signal around M = 44 is due to the isotope ions of 44 Ca + , which have a natural abundance of about 2%. The signal around M = 57, 58 is caused by sympathetic heating by the reactionproduct ions between laser-ablated Ca + ions and H 2 O molecules. These ions were produced by kinetic collisions during the trapping process.
In order to clean up the initial impurity ions,we sequentially applied a strong rf perturbation resonant with the motional frequencies of M = 58, 57 and 44 ions. Figures 5(b) and (c) show that this successfully removed the two signals. In the following experiments, this clean-up method was used to initialize the experiments. molecules was detected by the mass measurement method described above. After confirming the disappearance of the signal around M = 57 and 58, only the IR laser was turned off. A short while later, the perturbation rf was scanned to obtain a mass spectrum, a typical example of which is shown in figure 6 . The H 2 O pressure was set at 1.1 × 10 −6 Pa. In spite of a very short reaction time of 60 s compared with the ion trapping lifetime, a strong signal was obtained. In this measurement, the perturbation frequency was scanned over a wide range for convenience of mass calibration. The amplitude V s was reduced when measuring the 40 Ca + spectrum. In order to experimentally check the dependence of the reactivity on the Ca + state during the reaction, two different ion states were prepared:
Acceleration of the Ca
(1) ions in the 4 2 S 1/2 states (i.e., all lasers are turned off), (2) ions pumped into the 3 2 D 3/2 state through the 4 2 P 1/2 state.
As shown in figure 7 , a signal was observed only when the IR laser was turned off. Although the reaction time was only 120 s, the signal in figure 7(b-2) is rather deep. On the other hand, there was no signal when both lasers were turned off for the same period ( figure 7(a-2) ). These measurements were performed sequentially as (a-1) 
where the evaporation process (3a) does not contribute to the ion loss. The rate of the radiative association process (3c) is considered to be very low [39] , and thus there will be only a small contribution to the ion loss. The insertion reaction (3b) seems to be possible due to the high internal energy of Ca + * (D J ) [40, 41] . However, information on the potential energy surface of the Ca + -H 2 O system is necessary to estimate the contribution. At present, we suppose that the reaction-product ions consist of CaOH + and HCaOH + ions. Since the mass resolving power in the present measurements is limited, we could not distinguish M = 57 and 58 ions. We plan to perform photodissociation experiments as well as to prepare an external mass analyser in order to determine the branching ratio of the reaction.
It should be noted that the signal of reaction products as presented in figures 5-7 could be observed only when the laser-cooled 40 Ca + ions were simultaneously trapped, while it was not observed at an initial stage of a laser cooling process or for buffer-gas-cooled ions. These findings indicate that the reaction-product ions were sympathetically cooled by the laser-cooled ions. In order to deduce the temperature of the reaction-product ions, a laser cooling spectrum of 40 Ca + ions was measured when the reaction-product ions were simultaneously trapped (see figure 8(b) ). The production and the elimination processes of sympathetically cooled ions are shown in figure 8(I ion temperature of the laser-cooled 40 Ca + ions increased. This indicated that strong Coulomb interactions existed between the 40 Ca + ions and the reaction-product ions. In figure 8 (II), we applied the perturbation voltage at the time indicated by an arrow in order to eliminate the reaction-product ions. Since 40 Ca + ions were efficiently laser cooled after this elimination process, an increase in the intensity was observed. Unfortunately, it is impossible to measure the fluorescence spectrum of the reaction-product ions. Thus, we estimated the ion temperature by comparing the experimental results with a molecular dynamics simulation. The simulation results show that the kinetic energies of sympathetically cooled ions are of the same order as that of the laser-cooled 40 Ca + ions in the case of the cloud state. Although it is difficult to actually reproduce the experimental conditions, the simulation results will serve as a guide to deduce the ion temperature. Then, we assumed that the reaction-product ions were sympathetically cooled to ∼200 K in the laser beam direction.
Similar experiments were also performed under ultrahigh-vacuum (UHV) conditions of about 1 × 10 −7 Pa, containing ∼10 −8 Pa of H 2 O. After the clean-up procedure, the IR laser Figure 8 . Fluorescence spectra from laser-cooled 40 Ca + ions: (a) before reacting with H 2 O, (b) when reaction-product ions were simultaneously trapped and (c) after the elimination of reactionproduct ions. The H 2 O pressure was set at 1.1 × 10 −6 Pa. The vertical scale is the same in all spectra. The thick curve in each spectrum is a result of a fit of the Voigt profile to part of the spectrum from which the ion temperature of the laser beam direction is deduced. The plots on the right show the time spectra of fluorescence intensity in the production and the elimination processes of M = 57 and 58 ions. These measurements were performed in sequentially (a) → (I)→ (b) → (II) → (c). After the reaction shown in figure (I) , the fluorescence spectrum (b) was observed. The ion temperature of laser-cooled 40 Ca + ions increased due to Coulomb interactions with reactionproduct ions. The mass spectrum presented in figure 6 was also observed after reaction process (I). In figure (II), we applied a perturbation voltage (V s = 500 mV amplitude) at the time indicated by an arrow in order to remove reaction-product ions of M = 57 and 58. An increase in the intensity was observed, since 40 Ca + ions were efficiently laser cooled after this elimination process.
was turned off for 40 min, and then a mass spectrum was measured. A definite signal was observed around M = 58 (figure 9) while such a signal was not observed when both lasers were turned off for the same period. These indicate that the molecular formation reaction still has an observable probability for the ions in the D J states even under UHV conditions. The energy level structures of other candidates proposed as an optical frequency standard, such as Sr + , Ba + and Yb + , are similar to that of Ca + . Moreover, their metastable energies are higher. Thus, we can expect that their chemical reaction with the H 2 O molecule is also promoted by the laser excitation of their ions via a mechanism similar to that in the Ca + case. Sugiyama et al [42] reported the disappearance and shift of the rf resonance absorption signal of buffer-gas-cooled Yb + after introducing H 2 O gas. This phenomenon could be explained by the production of HYbOH + and/or YbOH + ions. Similarly, in a single-ion experiment of Ba + , Sankey and Madej [43] reported that an anomalous quantum jump signal was observed when introducing H 2 O. This phenomenon was also explained by the chemical reaction with H 2 O, as suggested in [43] .
Reaction rate coefficient of
As described in the previous section, the chemical reaction of trapped Ca + with H 2 O actively occurs when the ion is pumped into the D state. In practice, a decrease of the fluorescence intensity was observed after the IR laser was turned off, as shown in figure 7(b-1) . This decrease can be attributed to ion loss by the chemical reaction with Figure 10 shows the decrease in the fluorescence intensity after the off period of the IR laser.
Since this measurement was performed with buffer-gas-cooled ions, the fluorescence intensity is basically proportional to the number of trapped ions if the laser parameters are held constant. A small discrepancy from the linearity of the LIF intensity versus the number of 40 Ca + ions was considered to be from the weak ion-number dependence of the line width of the fluorescence spectrum, and it was also taken into account as an additional uncertainty of the LIF as described in what follows. We define the fluorescence intensity ratio R(t r ) as
R(t r ) follows the decay curve of the trapped Ca + ions that decrease through the chemical reaction with H 2 O. Thus, R(t r ) can be expressed as
where τ is the time constant of the decay curve, k 0 and n 0 are the reaction rate coefficient of Ca + * (D J ) + H 2 O and the number density of H 2 O, respectively, and k i and n i are the i th unknown reaction rate coefficient and the number density of the i th residual gas. Since the variation of the other residual gas pressures was negligible except for H 2 O, k i n i was regarded as constant. Examples of decay curves of R(t r ) are shown in figure 11 . In these measurements, we introduced helium buffer gas as well as a relatively small amount of H 2 O at the same time. We measured 1/τ as a function of H 2 O pressure, as shown in figure 12 . From a least squares fit of equation (5) to the data in figure 12(a) , we obtained the rate coefficient of Ca
The measurements were also performed for different buffer gas pressures as shown in figures 12(b) and (c) in order to clarify the residual gas effects. As assumed, the residual term k i n i was negligible and within the fitting error. In order to check the influence of the trapped ion number on the spectral width, we measured the LIF spectra at the start and the end of a series of reaction-rate measurements. Since weak dependence on the ion number was observed, a small difference of the Doppler width possibly causes an error in the LIF measurement. Accordingly, the uncertainty of the LIF intensity was evaluated from the maximum difference, and it was taken into account when calculating the intensity ratio R(t r ) of equation (4) . A typical error due to this effect was a few percent of the LIF intensity. On the other hand, the temperature of 40 Ca + ions was evaluated from the experimental line widths based on the principle of equipartition of kinetic energy in all degrees of freedom. The principle may hold when trapped ions are cooled by helium buffer gas. For the case of figure 12(a) , the ion temperature was evaluated to be 3.1(1) × 10 3 K. It is noted that this reaction rate was measured for ions pumped into both the 3 2 D 3/2 and 3 2 D 5/2 states because the fine structure mixing between these states is fast for buffer-gas-cooled ions. We estimated the population ratio ρ(D 5/2 )/ρ(D 3/2 ) to be about 2 by using the mixing rates given in [31, 44] .
Using the same measurement procedure, the dependence of the reaction rate on the ion temperature was measured (figure 13). The ion temperature was controlled by changing the buffer gas pressure and the rf amplitude for ion trapping. The order of the reaction rate coefficient was estimated to be ∼10 −11 cm 3 s −1 within this temperature range if room temperature (T = 300 K) was assumed for the H 2 O gas. As seen in figure 13 , the measured reaction rate tends to increase with decreasing ion temperature, which can be explained by the 1/ √ T dependence of the ion-dipole capture rate analysed in [39, 45, 46] .
Summary
We have confirmed that the chemical reaction of trapped Ca + ions with the H 2 O molecule is accelerated by laser excitation to the 3 2 D J (J = 3/2, 5/2) states. The reaction-product ions were sensitively detected by using the sympathetic cooling method. The reaction rate coefficient of Ca + * (D J ) + H 2 O → products was also measured for buffer-gas-cooled Ca + ions using the optical pumping technique. From the trend of the temperature dependence, we expect higher reaction rates for laser-cooled Ca + ions. Since the reaction-product ions never dissociate by themselves, the chemical reaction with H 2 O causes an ion loss even at UHV. Thus, for single-ion spectroscopy or frequency standard applications using Ca + , residual H 2 O (This figure is in colour only in the electronic version) gas should be eliminated as much as possible. The use of a cryogenic ion trap is a possible solution [27] .
Incidentally, the reaction-product ions in these experiments can become a good source of molecular ions for spectroscopic experiments by sympathetic cooling as well as photodissociation spectroscopy of single cold molecular ions, because such cold ions can easily be produced by the optical pumping technique. 
